Planktonic copepods have sexual dimorphism that can lead to differences in starvation tolerance between genders. Additionally, mating may be energetically costly and thus reduce starvation tolerance. We investigated the influence of sexual dimorphism and mating on starvation tolerance of copepods with different feeding behaviours: Oithona nana (ambusher), Temora longicornis (feeding-current feeder) and Centropages typicus (cruiser). Males of C. typicus and O. nana had a starvation tolerance lower than females, whereas T. longicornis had a similar starvation tolerance between genders. Only O. nana males and females had reduced starvation tolerance when both genders were incubated together, which suggests that mating activities in ambushers have an energetic cost higher than in active feeding copepods. C:N ratios showed a non-significant difference between genders, which indicates that gender differences in starvation tolerance are not due to dissimilarities in lipid reserves. Gender differences in starvation tolerance can be partially explained by body size differences between sexes. This indicates a minor influence of mate-seeking behaviour on male starvation tolerance, likely due to reduced mate-searching behaviour under prolonged starvation. Our results demonstrate that sexual dimorphism can result in different starvation tolerance between copepod genders and that a negative effect of mating on starvation tolerance depends on the foraging strategy.
causes of mortality in zooplankton (Tang et al., 2014) . Most studies on starvation tolerance of planktonic copepods focus only on females and little is known about the ability of male copepods to cope with starvation (Dagg, 1977; Finiguerra et al., 2013) . The abundance of copepod males in field populations is low compared to females in many families (Kiørboe, 2008) , which can limit population growth (Kiørboe, 2007) . Therefore, a better knowledge of the potential causes of mortality (e.g. starvation) of males is crucial for understanding skewed sex ratios and the dynamics of copepod populations.
Planktonic copepods have sexually dimorphic traits and males and females commonly differ in body size and motile behaviour (e.g. Gilbert and Williamson, 1983; Ohtsuka and Huys, 2001; van Someren Gréve et al., 2017b) . A smaller body size in copepods often implies a higher weight-specific respiration rate (Almeda et al., 2011) since mass-specific metabolic rates commonly decline with size with a power of −1⁄4 (Kleiber, 1961; Kiørboe and Hirst, 2014) . Copepod males are commonly smaller than females and males might have a higher mass-specific energy expenditure rate and, consequently, a lower starvation tolerance than females. Differences lipid storage between copepod genders can also cause differences in starvation tolerance between males and females (Gismervik, 1997) . Copepod males typically display a mate-searching behaviour and swim more frequently and faster than females (Katona, 1973; Ohtsuka and Huys, 2001; Bagøien and Kiørboe, 2005a) . Differences in motile behaviour between genders may result in different energy expenditure (Paffenhöfer, 2006) and consequently in different levels of starvation tolerance.
Behavioural asymmetry between copepod genders depends on their foraging strategy (Kiørboe, 2008; van Someren Gréve et al., 2017a) . We can broadly classify the feeding behaviours of copepods in two main foraging strategies in terms of motility: "sit-and-wait" (ambushing) vs. "searching" (active feeding). Ambush feeding copepods remain motionless in the water waiting for prey to enter their perceptive sphere and when perceiving the prey they perform a fast jump to capture it Kiørboe, 2011 Kiørboe, , 2016 . Active feeding copepods cruise through the water and capture encountered prey ("cruising feeders") and/or can hover while generating a feeding current ("feeding-current feeders") (Kiørboe, 2011 (Kiørboe, , 2016 . Thus, the conflict between feeding and mate-seeking behaviour varies depending on the copepod foraging strategy van Someren Gréve et al., 2017b) . In strict ambushers (e.g. Oithonidae), there is a strong conflict between feeding and mate-seeking behaviour because feeding and searching for mates are mutually exclusive activities (Kiørboe, 2008) . Hence, ambush feeding males need to alternate between stationary feeding and a potentially energy expensive female-seeking behaviour (Kiørboe, 2008) . For example, ambush feeding Oithona males move~20-30% of the time (Kiørboe, 2008; van Someren Gréve et al., 2017b) and 15-fold faster than females (Kiørboe, 2008) whereas females spent most of the time motionless or sinking. In copepods with active feeding behaviour, both genders move/swim actively and the conflict between feeding and mate searching is expected to be low (Bagøien and Kiørboe, 2005a; Kiørboe, 2007 Kiørboe, , 2008 Bjaerke et al., 2016; van Someren Gréve et al., 2017b) . However, gender-specific starvation tolerance of marine planktonic copepods with different foraging strategies has not been systematically examined.
Mating behaviour of copepods commonly includes search, encounter, capture, escape behaviour and/or copulation (Buskey, 1998; Titelman et al., 2007; Dur et al., 2011) and involves mate recognition by mechanical or chemical sensorial perception (Bagøien and Kiørboe, 2005a) . Upon mate encounter, the male grabs the female with his geniculated antennae and the female can thereafter swim around with the male attached for minutes to hours, depending on the maturation of the spermatophores (Blades, 1977) . Females can also display different escape behaviours, including jumps, shaking off males and calmly swimming away, but these mating escape behaviours have rarely been quantified (Titelman et al., 2007) . These behaviours associated to mating (copulation) can also affect the energetic expense and therefore influence starvation tolerance in both genders. Kiørboe et al. (2015) found that the lifespan of males and females in some copepod species was significantly reduced when the both genders were incubated together, which indicates that mating has a cost in terms of longevity. However, it is still unknown if mating (copulation)-related activities can also reduce starvation tolerance in planktonic copepods.
In this study, we experimentally investigated the influence of gender and mating on starvation tolerance of planktonic copepods with different feeding behaviours: cruise feeding (Centropages typicus), feeding-current (Temora longicornis) and ambush feeding (Oithona nana). We hypothesize that (i) copepod males have lower starvation tolerance than females due to their smaller size and active mateseeking behaviour, (ii) difference in starvation tolerance between genders is particularly high in ambush feeders due to the high asymmetry in motile behaviour between genders and (iii) mating (copulation) decreases starvation tolerance of both males and females, independently of their foraging strategy. To test our hypotheses, we determined the starvation tolerance of males and females of copepods with different feeding behaviours incubated separately or together in the absence of food. We evaluate the effect of elemental composition (C:N ratios), body size and motile behaviour on gender-specific starvation tolerance in copepods with different feeding behaviours, and discuss the ecological implications of our results in the context of food seasonality and copepod sex ratios in field populations.
M E T H O D Experimental organisms
Copepod males and females were obtained from continuous stock cultures at DTU Aqua. Stock cultures of C. typicus, T. longicornis and O. nana were established from specimens originally collected in Gullmar fjord (Sweden, 2014 ), Tjärnö (Sweden, 2013 and the Port of Gijón (Spain, 2012), respectively. Cultures of C. typicus (cruise feeder) and T. longicornis (feeding-current) were fed a mixture of phytoplankton: Akashiwo sanguinea, Heterocapsa triquetra, Prorocentrum minimum, Thalassiosira weissflogii and R. salina and, in the case of C. typicus also with Oxyrrhis marina. O. nana (ambush feeder) was fed the heterotrophic dinoflagellate O. marina, which was in turn fed R. salina. All copepods were fed three times weekly at saturating levels and kept at 15°C in the dark. The phytoplankton cultures were kept in exponential growth in B1 culture medium (Hansen, 1989) at 18°C on a 12:12-h light/dark cycle.
Experimental procedures
Before starting the experiment, copepodites (CIII-CV) were picked and isolated in 12-well plates [5 mL of 0.2 μm-filtered seawater (FSW) per well, salinity 32‰], and fed daily a mixture of O. marina and R. salina at saturating levels until reaching maturation (~2-4 days depending on the species). Upon maturity, the adult copepods were gently rinsed three times with FSW by sequential transferring of individual copepods to cuvettes with FSW under a dissecting microscope. The absence of phytoplankton after rinsing the copepods was verified under the microscope.
The following experimental treatments were investigated: females alone (FF), males alone (MM) and females together with males (FM) and males together with females (MF) ( Table I) . Starvation experiments were conducted in six well multi-well plates where adult, either as a combination of both genders or two specimens of the same gender, were placed in wells filled with FSW (10 mL). We incubated a minimum of 37 wells (range: 37-68 replicates) of each experimental treatment (Table I ). The few eggs and faecal pellets occasionally produced during the first day of starvation were removed. Dead copepods were removed daily and fixed with a 1% acid Lugol solution for later determination of body size (prosome length).
Pictures of male and female copepods (28-67, depending on the species) were taken using a camera attached to an inverted microscope and the prosome length was measured by image analysis using the ImageJ software (Schneider et al., 2012) .
CHN elemental analysis
We conducted CHN elemental analysis to estimate the carbon body weight, nitrogen body weight, C:N ratios and size to weight conversion factors of males and females. The culture of Oithona nana was lost (dead) and thus Oithona davisae was used for the carbon analyses. Oithona davisae has a body size, morphology and sexual dimorphism similar to O. nana. Oithona davisae stock cultures were established at DTU Aqua from cultures originally created at the Marine Sciences Institute of Barcelona from zooplankton samples collected in the harbour of Barcelona. Oithona davisae was reared in the laboratory as described for O. nana. Adults of C. typicus, T. longicornis and O. davisae were sieved from the continuous cultures using a 100, 200 or 250-μm mesh, respectively, and gently rinsed with 0.2 μm-filtered seawater (FSW, 32 PSU). Groups of 60-1100 individuals per gender (60 C. typicus, 170 T. longicornis, 1100 O. davisae) (triplicates) were sorted under a stereomicroscope and placed in autoclaved FSW for at least 2 hours to ensure gut evacuation. Only non-ovigerous females were selected for O. davisae. Copepods were rinsed several times and then filtered onto pre-incinerated (450°C, 6 h) glass-fibre filters (GF/A grade). Filters were dried (60°C, 24 h) and stored inside a vacuum desiccator for further CHN analysis. Additionally, 50 individuals per gender and species were fixed with acid Lugol´s solution (1% final) for the length (prosome) determinations using image analysis. The CHN content in the copepod samples was determined by a Thermo Fisher Scientific FLASH 2000 Organic Elemental Analyzer.
Calculations and statistics
Survival curves (% survivors as a function of starvation time) and median survival time were calculated using the Kaplan-Meier estimator (Kaplan and Meier, 1958) . Starvation tolerance was defined as the time where 50% of the initial number of copepods had survived in absence of food ("median survival time"). To evaluate the effect of differences in size between genders, starvation tolerance was normalized to body weight by dividing the starvation time (days) with the average body weight (μg carbon) estimated from the prosome length to carbon conversion factors (μgC μm -1 ) calculated in the carbon analysis. The effect of body weight on starvation tolerance was examined by plotting the individual survival time vs. body weight for 28-67 copepods, depending on species and gender. We also examined the influence of exposure time to males on survival time of females to evaluate the effect of gender interactions/mating time on starvation tolerance of females. Differences between survival curves were tested using the Gehan-BreslowWilcoxon test. T-tests were used to determine significant differences between average values in the CHN analyses. Differences in size between genders were tested using a Kolmogorov-Smirnoff test, since the data for prosome length did not follow a normal distribution (D'AgostinoPearson test for normality). Individual starvation tolerance (days) and body weight (μgC ind −1 ) data were normally distributed (D'Agostino-Pearson test) and a Pearson Correlation coefficient test was applied to estimate significant lineal correlation between both variables. To test differences between survival curves as a function of treatment and gender (FF vs. FM, MM vs. MF and FF vs. MM) , pairwise comparisons were corrected for multiple pairwise comparisons using the Bonferroni test by setting the significance level (α) = 0.0167 (=alpha-level divided by the number of comparisons = 0.05/3). For all other statistical tests, α was set to 0.05.
R E S U L T S
The relationship between the fraction of survivors (%) and their starvation time ("survival curves") varied depending on the species and experimental treatments (Fig. 1) . Centropages typicus showed the lowest starvation tolerance (Fig. 1) . Survival curves of C. typicus males and females were significantly different (P = 0.0157) and males had a median starvation tolerance of 1-2 days lower than females (Fig. 1A , Table I ). However, although median starvation tolerance of males was lower when incubated together with females (Table I) , survival curves of both genders did not significantly differ in the presence of the opposite sex (P = 0.0614 and P = 0.9545 for males and females, respectively) ( Table I , Fig. 2A ). In the case of T. longicornis, median starvation tolerance was 8 days with no significant difference between genders (P = 0.2029) or the presence of the opposite gender (P = 0.8746 and P = 0.9853 for males and females, respectively) ( Fig. 1B and Table I ). Survival curves of O. nana males and females were significantly different (P < 0.0001) (Fig. 1C) and median starvation tolerance of O. nana males was 2 days lower than starvation tolerance of females (Table I) . Median starvation tolerance in both genders of O. nana was significantly reduced by 2 days when they were incubated together (P = 0.0025 and P = 0.0122 for males and females, respectively) ( Fig. 1C and Table I ).
Individual C and N content varied depending on the species and gender (Fig. 2) and was positively related to prosome length (Fig. 2, Table II) . C:N ratios were close to four in males and females of the three species, with no significant differences between genders. The estimated gender-specific size to carbon conversion factors (μgC μm −1 ) was higher for females than for males of C. typicus and T. longicornis and similar for O. davisae females and males (Table II) .
In the starvation experiments, the body size (prosome length, μm) differed between genders, with males being significantly smaller than females in the three species (Table I) . When normalizing survival time with the estimated carbon body weights, the weight-specific starvation tolerance of the small ambush feeding O. nana was one order of magnitude higher than for the larger active species (Fig. 3) . After normalizing survival time with C body weights, the difference in starvation tolerance between genders was reduced for C. typicus and O. nana (Fig. 3A and C, Table I ) and increased for T. longicornis L is the average prosome length, W is the average body weight in carbon estimated using length to carbon conversion factors shown in Table II , SD is the standard deviation, n is the number of specimens per treatment. MST is the median survival time (~starvation tolerance, in days) and W-MST is the weight-normalized median survival time (in days μgC
−1
). Superscripted letters denote statistical differences between experimental treatments (Bonferroni test, α = 0.0167).
 towards males with a weigh-specific starvation tolerance higher than females (Fig. 3B , Table I ). Gender interactions significantly reduced the weight-specific starvation tolerance of both genders in O. nana (Fig. 3C , Table I ). There was a significant positive relationship between individual survival time and body carbon weight for females of C. typicus (Fig. 4A) . However, we did not find a statistically significant effect of individual carbon body weight on starvation tolerance for any other genders/species (Fig. 4) , although a positive tendency was observed in other species and genders ( Fig. 4B and D) . The exposure time to males did not significantly affect the starvation tolerance of females in any of the studied species (Fig. 5) .
D I S C U S S I O N Influence of elemental composition on gender-specific starvation tolerance in copepods
Lipid accumulation is an important strategy for organisms to cope with periods of food limitation and thus differences in lipid content can cause differences in starvation tolerance between planktonic copepods. The C:N ratio is commonly used as an index of lipid content in copepods (Båmstedt, 1986; Gismervik, 1997; Postel et al., 2000) . In the species studied, we found a C:N ratio of~4 that is in the range of C:N ratios typically found Centropages typicus (cruising feeder) (A), Temora longicornis (feeding-current feeder) (B) and Oithona nana (ambush feeder) (C). The grey horizontal line indicates survival = 50%, which was used to estimate the median starvation tolerance (MST, Table I ). in copepods from mid latitudes (C:N ratio: 3-4, Gismervik, 1997) and indicates a low lipid content compare to some copepods from high latitudes (C:N up to 13, Bamstedt, 1986; Gismervik, 1997) . In our study, copepod males and females showed no significant differences in C:N ratio, which indicates that the observed differences in starvation tolerance are not related to differences in lipid reserves between genders.
Influence of body size on gender-specific starvation tolerance in copepods A difference in body size between genders (sexual size dimorphism) is a widespread phenomenon in animals with sexual reproduction. In invertebrates, including copepods, males are commonly smaller than females (Gilbert and Williamson, 1983; Hirst and Kiørboe, 2014) . A smaller body size commonly implies a higher weight-specific respiration rate (higher metabolic expenses) (Kleiber, 1961; Kiørboe and Hirst, 2014) . Previous studies with Acartia spp. have also shown that males have a lower starvation tolerance than females (Parrish and Wilson, 1978; Colin and Dam, 2005; Finiguerra et al., 2013) , and these differences have been suggested to be explained by size differences between genders (Finiguerra et al., 2013) .
Our results indicate that differences in starvation tolerance between genders in C. typicus and O. nana can be mainly explained by differences in body size. A positive tendency between individual survival time and body carbon was also observed in some genders/species. However, male T. longicornis showed a similar median survival time and a higher weight-specific starvation tolerance than females, despite their smaller size. This suggests that weight-specific metabolic expenses of T. longicornis females are higher than for males (they do not follow the "3/4 power-law" of metabolic rates vs. body mass, Kleiber, 1961) or that other factors besides size affect the gender difference in starvation tolerance in this species. Measurements of weight-specific respiration rates of males and females are required to better evaluate if size is one of the main drivers of gender differences in starvation tolerance of planktonic copepods.
Effect of behaviour on gender-specific starvation tolerance in copepods Kiørboe et al. (2015) found that the male lifespan is up to 50% shorter than that of females in copepods with strong differences in motile behaviour between genders (e.g. Oithona). In contrast, in copepod species where both genders have relatively similar swimming activity (e.g. C. typicus and T. longicornis), male lifespan is only~10% shorter than females (Kiørboe et al., 2015) . This indicates that motile behaviour affects gender-specific longevity in planktonic copepods. However, our results indicate a minor effect of male motile behaviour (mateseeking behaviour) on the gender-specific starvation tolerance of the copepods studied. Mate-seeking behaviour under prolonged starvation was not recorded, but our visual observations under the microscope indicate that O. nana males kept their female-searching behaviour at least during the first days of starvation but it was reduced after prolonged starvation. This suggests that mate-seeking behaviour of males is minimized after long starvation periods, which can explain the minimal effect of sexual behaviour on gender differences in starvation compared to the effect of gender behaviour on Fig. 3 . Survival (%) as a function of weight-normalized starvation time (days μgC −1 ) of copepods with different feeding behaviours: Centropages typicus (cruising feeder) (A), Temora longicornis (feeding-current feeder) (B) and Oithona nana (ambush feeder) (C). The grey horizontal line indicates survival = 50%, which was used to estimate the weightspecific median starvation tolerance (W-MST, Table I ).  longevity. However, when comparing among species, we found that the small ambush feeding copepod O. nana has a weight-specific starvation tolerance one order of magnitude higher than the large active swimming copepods. Our previous video observations demonstrate that females of O. nana (low motility) and T. longicornis (active swimmer) change their motile behaviour/activity budgets slightly during the starvation. This suggests that motile behaviour (foraging strategy), and not only size, can also significantly influence starvation tolerance in planktonic copepods when comparing between species.
Influence of mating on starvation tolerance in copepods
Mating and reproduction can reduce the lifespan of planktonic copepods (12-20%) depending on their foraging strategy (Kiørboe et al., 2015) . However, we did not observe a decrease in starvation tolerance when both genders of C. typicus and T. longicornis were incubated together, suggesting that the energetic cost of copulation and precopulation in cruise feeders and for copepods that utilize a feeding current is low, albeit C. typicus males showed a tendency toward a decreased starvation tolerance in the presence of females. The act of copulation is expected to be similar in the three species (e.g. Blades, 1977; Uchima and Murano, 1988) but only males and females of the ambush feeding O. nana had a lower starvation tolerance because of gender interactions. Female copepods produce either hydro-mechanical or chemical signals (pheromones) that males can perceive Kiørboe, 2005a, 2005b) . When a male encounters a female signal, they increase they swimming activity and/ or speed ; therefore, motile behaviour of males should increase due to the presence of female signal. In C. typicus and T. longicornis, which are active swimmers, differences in swimming activity and associated metabolic expenses between "normal" swimming and pheromone-tracking swimming behaviour are probably low because males increase speed for few minutes or change their swimming patterns in the presence of pheromones. However, swimming activity in Oithona spp. males, which alternate between motionless feeding and fast mate-seeking, can notably increase in the presence of pheromones from unmated females (Heuschele and Kiørboe, 2012) , and, therefore, the presence of females must be energetically costly for the males. Similarly, females of Oithona spp., which spend most of the time motionless, would increase their motile activity (e.g. escape jumps) in the presence of males. Kiørboe et al. (2015) found that O. davisae females had a reduced lifespan of 15% when incubated together with males. Therefore, increased mate-seeking behaviour by males in the presence of pheromones and pre-copulation motile activities in females may explain the reduction in starvation tolerance observed in both genders of O. nana when both genders are incubated together. There was no correlation between how long females had been incubated together with males and their starvation tolerance, which suggests that the effect of gender interactions must be the result of initial interactions. Thus, this indicates that reproduction and associated mating behaviour is not prioritized when copepods are starving, but that the initial interactions between genders are costly enough to reduce the starvation tolerance of males and females in ambush feeding copepods.
Ecological implications
Planktonic copepods are exposed to food limitation at different levels and for short (from hours to days) and extended periods (from weeks to months) (Winder and Cloern, 2010) . However, in the marine environment, copepods are never exposed to the complete absence of food. In addition, although the copepods studied displayed their characteristic behaviours even in the smaller volumes used in this study, the limited experimental volume could have decreased mate-searching behaviour and increased encounter rates/mating compared to field conditions, particularly for the large active species. Therefore, the estimated absolute median starvation tolerance should not be directly extrapolated to field conditions, but they indicate the relative differences in starvation between genders and among copepods with difference foraging strategies.
Although differences in starvation tolerance between genders (2 days) and species (up to 5 days) initially may seem small, they reflect their different capabilities to cope with short-term food limitation, and are likely to affect survival in the field where food availability is highly fluctuating. The larger species, with active feeding behaviour, have a lower starvation tolerance than ambush feeders and thus need other strategies such as the production of resting eggs (Mauchline, 1998; Lindley and Reid, 2002) to survive through periods or seasons of low primary production. Small ambush feeding copepods as Oithona spp., which have an energetically low-cost behaviour (Paffenhöfer, 2006; Almeda et al., 2011) , have relative high starvation tolerance and can better tolerate seasons of low primary production without storing large amounts of lipids or using resting eggs. However, mating in ambush feeders comes at the cost of reduced starvation tolerance, which can affect reproduction and survival of Oithona spp. during periods of low food availability. Therefore, the relative differences in starvation tolerance between genders and species observed can potentially influence the seasonal abundance and distribution of the studied species.
In field populations, Oithona species typically have a low male to female sex ratio of abundance (<0.2), whereas Centropages and Temora species have a sex ratio close to 1 (Kuwenberg, 1993; Kiørboe, 2008; Hirst et al., 2010) . Our results suggest that gender-specific starvation tolerance can also influence sex ratios in populations of Oithona (female-biased ratios, O. nana males have a lower starvation tolerance than females) and Temora (sex ratio close to 1, males and females have a similar starvation tolerance). However, we found that C. typicus males have a lower starvation tolerance than females but a sex ratio typically close to 1 in field populations. Therefore, although differences in starvation tolerance between genders can be a factor that affects sex ratios in some species, copepod sex ratios are likely the result of numerous factors and the relative contribution of each factor may vary between species. For instance, other factors such as an elevated predation risk (Hirst et al. 2010; Almeda et al., 2017) , and a shorter lifespan (Rodríguez-Graña et al., 2010; Kiørboe et al., 2015) of males compared to females also explain the strong female-skewed sex ratios of Oithona spp. in field populations.
C O N C L U S I O N S
Our results demonstrate that starvation tolerance can significantly differ between copepod genders. The most pronounced difference in starvation tolerance between genders was observed in the ambush feeding copepod Oithona nana. Our results indicate that sexual size dimorphism can partially explain gender-specific starvation tolerance in planktonic copepods, and that mate-seeking behaviour have a minor influence on the starvation tolerance of males under prolonged starvation. The presence of the opposite gender reduced starvation tolerance in both males and females of O. nana, but not in active feeding copepods. This suggests that the energetic cost of mating behaviour in ambushers is higher than in active feeders due to the strong conflict between stationary feeding and mating activities in ambush feeding copepods.
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